Introduction
East Asia is one of the large source regions of anthropogenic pollutants to the global atmosphere. Rapidly developing economic growth increases emissions of anthropogenic pollutants from a variety of emission sources including industry, transportation, and power plant sectors. Gaseous pollutants and aerosols emitted from these sources have local and regional, as well as substantial global impacts due to longrange transport around the northern hemisphere. Changes in land-use due to expanding residential areas can also increase emissions of dust aerosols and nitrogen oxides (NO x ). Emissions of air pollutants from East Asia are estimated to have rapidly increased during the past decades, in contrast to those from Europe and North America, which show decreasing and stabilized trends, respectively (Akimoto, 2003) .
Changes in the emissions of pollutants to the atmosphere may have become more dramatic since 2000. Space-based observations of nitrogen dioxides (NO 2 ) from GOME and SCIAMACHY satellite-borne sensors have revealed a rapid increase of tropospheric NO 2 columns over China since 2000, possibly as a consequence of increasing anthropogenic emissions (Richter et al., 2005) . In contrast, bottom-up estimates of NO x emissions inventory show an increase not as large as those obtained from the satellite measurements. Indeed, there are substantial discrepancies in the trend between the satellite NO 2 measurements and the bottom-up NO x emissions inventory . Accurate estimates and prompt updates of the emissions of air Published by Copernicus Publications on behalf of the European Geosciences Union. 3868 H. Tanimoto et al.: Recent Asian CO emissions pollutants are thus important to assess the resulting impacts on temporal evolution of primary pollutants and secondary species (e.g., photochemical O 3 formation) in regional and hemispheric background levels.
It is however difficult to accurately follow the temporal variation in the emission field from the bottom-up emission estimates because of their inherent uncertainty and time lag in the update of statistics published by national and/or local governments. Some emission sectors have large temporal variability. For example, carbon monoxide (CO) is primarily emitted by combustion of coal, oil, biofuels, and biomass in various sources including power plants, industries, vehicles, agricultural burning (which has strong seasonal variations) and forest fires (which have inter-annual variations). Hence it is challenging to estimate emissions of CO for regions where multiple emission sectors contribute to a combined net CO concentration field. To overcome such difficulties, observations of chemical species, either in situ measurements or satellite observations, have been used to provide constraints on the strength and spatial distributions of their emissions. Transport and Chemical Evolution over the Pacific (TRACE-P) was conducted, in the spring of 2001, by the National Aeronautical Space Administration (NASA) to address the issue of pollution emissions from Asia, by integrating in situ measurements by aircrafts, satellite observations from space, and chemistry transport models .
Several inversion studies to estimate CO emissions from East Asia during TRACE-P revealed that the CO emission inventory used as a priori emissions for China (Streets et al., 2003a) was significantly underestimated (∼50%) Heald et al., 2004; Wang et al., 2004; Carmichael et al., 2003) . After TRACE-P Streets et al. (2006) improved their a priori CO emissions inventory for China based on the model analysis of CO observed during the TRACE-P campaign. They examined various causes for the large discrepancy between the bottom-up and topdown estimates, and found that the CO emissions from cement kilns, brick kilns, and the iron and steel industry were underestimated. The updated anthropogenic CO emissions from China in 2001 are 142 Tg, 42% higher than the a priori emissions used during TRACE-P in 2000. Since industrial activities and the energy consumption in China are thought to have increased since 2001, great attention is paid to possible changes in the anthropogenic emissions of air pollutants from China, and the resulting impacts on secondary species including photochemical O 3 formation.
In this paper we mainly focus on the following questions. We use hourly values of O 3 and CO simultaneously recorded at eight ground-based stations, and a regional transport model that incorporates the chemistry of these species. A four-dimensional adjoint inverse model developed for East Asia is also used to improve the CO emissions inventory and to infer the spatial distribution of CO emission over China up to 2005. The growth in the CO emission from China since 2001 is discussed with the help of satellite-derived trends and recently updated bottom-up estimates. We select, from the observed temporal variations of O 3 and CO, three pollution events, which were well characterized in terms of meteorological mechanisms and the CO source-receptor relationship in our previous paper (Sawa et al., 2007) . We show simulated results of the regional spatial pattern of the boundary layer O 3 -CO correlation, which are often referred to as an indicator of the photochemical O 3 processing in continental outflows (Parrish et al., 1993 (Parrish et al., , 1998 (Tanimoto et al., 2007a, b) . In order to investigate the spatio-temporal variations of CO and O 3 , the data obtained at seven Japanese stations were compared to those at Gosan for the same period of time. Figure 1 shows the geographical distribution of all the stations used in the present study. The stations are suitably distributed for characterizing the spreading air pollution from the Asian continent over the western North Pacific region between 43 • N to 24 • N. All these 8 surface stations are located generally in rural to remote regions where influences of local emissions are negligible. Tohjima et al., 2002) .
Also shown in Fig. 1 are the 5-day forward trajectories starting from 1000 m at Gosan during the observation period in March 2005. Forward trajectories from Gosan are widely scattered from north to south. Northward trajectories are generally confined to the 2 to 5 km altitude layer, with some reaching Kamchatka Peninsula and even Aleutian Islands after passing over Ryori and Cape Ochi-ishi stations. Nearly all of the southward trajectories traverse within the bottom 1-km layer of the troposphere, passing over Fukuejima, Amami-Oshima, Yonagunijima, and Hateruma, with some reaching Southeast Asia including Philippine Islands. For eastward transport, many trajectories stay within the bottom 1-km layer, some reaching Minamitorishima during the 5-day transport. These transport patterns portray Gosan as one of the "export windows" of the continental pollution outflow to the western North Pacific Rim (Wong et al., 2007) , and thus enabling us to interpret temporal variations of O 3 and CO observed at other stations downwind in terms of ambient measurements made at Gosan. It is important to keep in mind that the northbound transport occurs often in the free troposphere, while much of the southbound and eastbound transport takes place within the marine boundary layer. We will see in the following sections how this spatial difference in the transport pattern is reflected in the observed temporal variations of O 3 and CO at each station.
Instruments and data comparability
CO mixing ratios at Gosan were measured using a nondispersive infrared analyzer (NDIR, APMA-360 model, Horiba Co. Ltd., Japan). The NDIR analyzer was regularly calibrated using a CO-free air and CO standard gas with a mixing ratio of about 1 ppmv. The CO-free air was produced by passing ambient air through a catalytic oxidation column packed with Sofnocat (514, Molecular Products Ltd., UK) to completely remove CO in the sample air. Overall uncertainty of the NDIR system was estimated to be less than 20 ppbv. Measurements of CO at Fukuejima and Amami-Oshima stations were made by the gas filter correlation method (GFC) using commercially available CO analyzers (model 48C, Thermo Electron Inc., USA) combined with zero-air generators of CO-free air (model 111, Thermo Electron Inc., USA). The GFC analyzers at both stations were regularly calibrated using one CO standard gas of about 1 ppmv. The overall uncertainty of the GFC method was estimated to be about 10 ppbv based on the comparison with the GC/HgO method at NIAES. NDIR analyzers (GA-360S model, Horiba Co. Ltd., Japan) were deployed by JMA for CO measurements at their three WMO/GAW stations (Watanabe et al., 2000) . At Cape Ochi-ishi and Hateruma, the CO data were obtained by the GC/HgO (RGD2, Trace Analytical Co. Ltd., USA) method, primarily based on the NIES calibration scale derived from gravimetric CO standard gases.
Measurements of O 3 at these eight stations were based on the same principle. Ultraviolet absorption analyzers, which are commercially available from various manufactures, were deployed. At Gosan, Cape Ochi-ishi, and Hateruma a singlecell instruments (1150 model, Dylec Co. Ltd., Japan) were used. Similar instruments (1006AHJ model, Dasibi Co. Ltd., USA) were used at Fukuejima and Amami-Oshima. For Yonagunijima, Minamitorishima, and Ryori, JMA deployed ozone analyzers from a different manufacture (EG2001F model, Ebara Jitsugyo Co., Ltd., Japan). All of these instruments require a sample airflow of about 1.5 L/min. Correction for temperature and pressure was applied. The overall uncertainty was typically about 1%.
Since the ambient data used in this study were obtained with instruments and calibration scales independently maintained by various individual groups, we made intercomparison of standards for different trace gases. Details of the intercomparison activities are found elsewhere (Tanimoto et al., 2007a, b) . Briefly, we used the gravimetric scale maintained by MRI as our primary reference. The CO gas standards at Gosan were calibrated before and after the observations using 5 gravimetric standard gases prepared as a MRI primary scale (Matsueda et al., 1998) . The MRI primary standard scale used at Gosan station was applied to the gas standards used at Fukuejima and Amami-Oshima in order to produce a consistent dataset. A previous intercomparison of ambient CO measurements between JMA and MRI showed a systematic difference of about 10 ppbv mainly due to the standard gas scale. Since this difference was relatively small compared to the large analytical error resulting from the NDIR method, CO values from the JMA system were not corrected. We concluded that the hourly CO data from all of the stations used in this study were comparable and consistent to within an overall uncertainty of about 20-30 ppbv. Although a direct intercomparison between MRI and the National Oceanic and Atmospheric Administration/Global Monitoring Division (NOAA/GMD, former NOAA/CMDL) has not been performed, an audit for CO measurements at the JMA stations made by the Swiss Federal Laboratories for Materials Testing and Research (EMPA) in the framework of the WMO/GAW programme suggested good agreement between the JMA and EMPA standards . Since gas standards used by EMPA are traceable to NOAA/GMD, these results indirectly suggest reasonable consistency between the MRI and NOAA/GMD scales. For O 3 , the Standard Reference Photometer (SRP) built by the National Institute of Standards and Technology (NIST) and maintained by NIES was used as a reference (Tanimoto et al., 2006) . The O 3 monitors at Gosan, Cape Ochi-ishi, and Hateruma were directly calibrated by SRP at NIES, and those at Fukuejima and Amami-Oshima were calibrated by means of a secondary standard. Quality assurance and quality control for the O 3 instruments operated at the JMA stations were periodically made under the umbrella of WMO/GAW programme. These instruments are referenced to the same type of SRP built by NIST. Overall agreement for O 3 instruments used in this study is within ±2%.
Regional chemistry transport models

Forward modeling
A three-dimensional regional-scale chemistry transport model (CTM) used in this study has been developed jointly by Kyushu University and NIES (Tanimoto et al., 2005; Uno et al., 2007) and is based on the Models-3 Community Multi-scale Air Quality (CMAQ) modeling system released by the United States-Environmental Protection Agency. In the present study, the model was driven by meteorological fields generated by the Regional Atmospheric Modeling System (RAMS). The horizontal and vertical resolutions were fixed to 80 km and 14 layers (up to 23 km), respectively. The SAPRC-99 scheme was applied for gas-phase chemistry. A global chemistry transport model was used to generate monthly averaged lateral boundary conditions for CMAQ (Tanimoto et al., 2005) .
The emissions inventory incorporated into the model was based on the Regional Emission inventory in Asia (REAS) (version 1.1) for the period 2003 . Emissions of sulfur dioxides (SO 2 ), NO x , CO, non-methane volatile organic compounds (NMVOC), black carbon (BC), and organic carbon (OC) from fuel combustion and industrial sources were implemented. Biomass burning sources developed by Streets et al. (2003a, b) were used for the CMAQ simulation.
Adjoint inverse modeling
In this study, RAMS/CTM-4DVAR (Yumimoto and Uno, 2006; Yumimoto et al., 2007) was employed for an inverse modeling of CO emissions. RAMS/CTM-4DVAR is built on a meso-scale meteorological model RAMS (version 4.3, Pielke et al. (1992) ) using its optional scalar transport options. The 4DVAR system consists of a forward CTM, its adjoint model, and an optimization process. Details of the method have been presented in Yumimoto and Uno (2006) , so we only describe aspects of the method relevant to this study.
The model domain was centered at 25 • N and 115 • E on a rotated polar stereo-graphics system encompassing East Asia (see Fig. 5 ), with a horizontal resolution of 80 km and 23 vertical levels (the top level is 23 km; stretching from 150 m at the surface to 1800 m at the top). The a priori gridded CO emission inventory was based on Streets et al. (2003a) for 2000, which extended throughout East and Southeast Asia (emissions over Russia were not included) and was evaluated as monthly values with 1 • ×1 • resolution. The assimilation period was from 4 March to 10 April 2005. We used ground-based observations measured from 11 March to 10 April 2005 at 6 observational sites (Gosan, Ryori, Fukuejima, Amami-Oshima, Yonagunijima, and Hateruma, see Fig. 1 ) to assimilate CO mixing ratios and optimize monthly CO emission over East Asia. Observations at Cape Ochi-ishi were used for independent validations. For the lateral boundary condition of the model domain, simple constant CO boundary inflows (130 ppbv for the northerly inflow, 80 ppbv for the southerly inflow, 90 ppbv for the westerly inflow, and 90 ppbv for the easterly inflow) were used. Fig. 2 . Enhanced CO mixing rations were often observed at Gosan, with some large sharp peaks exceeding 500 ppbv. In addition, a number of small CO peaks were also found. The overall CO variability was large, likely reflecting the downwind location of Gosan from the industrial source regions of the Asian continent. Remarkably, some of these large CO peaks were still observable, with very little change in shape and magnitude, at Japanese stations located in regions relatively close to Gosan (i.e., Fukuejima, Amami-Oshima, Yonagunijima, and Hateruma). At Minamitorishima, located more than 2000 km off the Asian continent, the CO measurements were characteristically different (with smoother background and smaller anomalies) from those observed at stations upwind (i.e., Gosan, Fukuejima, Amami-Oshima, Yonagunijima, and Hateruma). At two stations located in northern Japan (Ryori and Cape Ochi-ishi), we observed relatively smooth background CO interrupted by a few small anomalies. For O 3 , all the stations showed characteristic variations in time, with some of the positive anomalies corresponding well to high CO episodes. The enhancements of O 3 concentration relative to CO were small at Gosan and Fukuejima, likely due to high variability in the O 3 levels caused by mixing of different polluted air masses. Increased O 3 concentration events were more identifiable at Amami-Oshima, Yonagunijima, and Hateruma stations. Although the positively anomalous peaks became broader at Minamitorishima, corresponding episodes in O 3 and CO were still observable at the station.
Here we focus on three events observed at Gosan: Event I (DOY 69-71: 10-12 March), Event II , and Event III , and explore the evolution of the pollution plumes associated with these events as they were transported within the marine boundary layer to the western North Pacific (DOY = Day of the Year). We chose these 3 events for a detailed examination because the pollution episodes associated with these events retained relatively clear signature during their propagation to stations downwind. Furthermore, transport mechanisms triggered by cold fronts for these episodes were well analyzed with a three-dimensional global transport model in our previous paper (Sawa et al., 2007) . In Sawa et al. (2007) , synoptic weather conditions and transport mechanisms of polluted air masses from the Asian continent to the western Pacific Ocean were analyzed by utilizing CO as a tracer. They found that the positive CO anomalies of these events identified above were brought about by the passages of cold fronts associated with eastward migrating cyclonic developments. The polluted air masses exported from the continent were trapped behind the cold fronts and then merged into elongated belts of enriched CO before spreading over the western North Pacific. Using a global transport model, they were also able to demonstrate that episodic increase in CO observed at Minamitorishima was caused by a long-range transport of pollutants emitted from various regions of East Asia (e.g., China, Korea, Taiwan, Japan).
The episodic events of CO increase observed during 25-27 March (DOY 84-86) and 31 March-2 April (DOY 90-92) at Gosan are not discussed in this paper since these events were not well characterized by our previous analysis. For these periods, simultaneous CO increases were not detected at Amami-Oshima and Yonagunijima. Meteorological analysis by Sawa et al. (2007) suggested that these events were not "typical" cases for cold fronts-associated transport from Asian continent to the western Pacific. These pollution events did not reach to Minamitorishima, prohibiting us from exploring O 3 -CO relationships in the same air masses.
Hence, we did not analyze these events. of the observed and modeled data for O 3 is generally good in the range from 20 to 100 ppbv. A linear regression based on the reduced-major-axis (RMA) regression method gives a slope of 0.91±0.02 and a near-zero intercept of 3.3±1.0 ppbv for O 3 . For CO, assimilated CO mixing ratios provide a relatively good positive correlation, with an overall slope of 0.85±0.03 and a near-zero intercept of 3.4±3.8 ppbv in the range of 150 to 600 ppbv. It should be noted that the model underestimated the observations in the high-CO regime, and overestimated in the low-CO regime, even after assimilations by the 4-dimensional adjoint inversion. This feature is consistent with the poor reproducibility of amplitude of the high pollution episodes shown in Fig. 3 . The poor reproducibility at the high and low mixing ratios was likely due to problems associated with the horizontal resolution and the lateral boundary conditions employed in the model. The difficulty in simulating intense CO plumes over East Asia seems general challenges as reported by Kiley et al. (2003) .
Model simulation
Recent CO emissions from East Asia
A posteriori CO emissions in 2005
By using continuous observations at six surface sites as constraints for East Asian CO emissions, we estimated CO emissions from East Asia for 2005. The spatial distribution of a posteriori CO emissions for 2005 inferred from the 4-dimensional adjoint inversion is shown in Fig. 5 . Two regions clearly show strong emissions of CO. One of the regions is located along the Chinese coastal zone from Beijing to Shanghai, and the other region is situated in the southeastern Asia around Thailand. Although the CO emissions from the southeastern Asia were stronger than those from China in 2005, the differences between a priori and a posteriori emissions are very small over the region. By contrast, the coastal zone in China, which is often called the Eastern Central China (ECC), exhibits areas of notable differences between a priori and a posteriori emissions, suggesting an increase in the CO emission from this region. Major emission sources are apparently Beijing and Shanghai, and these two mega-cities are significant contributors to that increase, as will be discussed below. 
Growth in Chinese CO emissions
Our inverse-model based estimates, along with the recent estimates for Chinese CO emissions by various methods, are summarized in Table 1 . Two types of bottomup estimates are available since the year 2000. As already mentioned, Streets et al. (2006) have recently updated their previous estimates (Streets et al., 2003a) (Yumimoto and Uno, 2006) , we obtain an increase of 16% in the CO emission over the 5-year period (2001) (2002) (2003) (2004) (2005) . This is in a reasonable agreement with the estimate of 18% (2001) (2002) (2003) (2004) (2005) (2006) calculated by Streets and Zhang (2007 ), and 15% (2000 -2003 by Ohara et al. (2007) .
It should be noted that the previous top-down estimates of the CO emission from China showed substantial variability among the estimates, even for the same target year. This may result from differences in (1) observational data used to constrain emissions (e.g., locations, period, altitude, etc), (2) inversion techniques, (3) model types (e.g., resolution, meteorology, chemical schemes, etc), and (4) resolution of emissions data. Understanding the uncertainties arising from the different inversion approaches constitute a key issue in the assessment of the estimate accuracy, and will be addressed in future studies. a slight inter-annual variation, indicating a 15% increase from 2001 to 2005. This result is in general agreement with the relative tendency of CO emissions estimated by the two bottom-up and our top-down approaches. The relatively small increase in the CO emission from China is in great contrast to the NO x emission, which shows a dramatic increase in recent years since 2000 . While the domestic sector had the largest contribution in the 1990's, its contribution has been reduced as a result of the recent shift in energy usage for residential fuels, from biofuels and hard coal to cleaner energy such as oil and electricity. Compared to the early 1990's when the contribution from the domestic usage was at a maximum (∼75 Tg/year), its contribution decreased by 20% in 2003. This reduction provides a significant offset to the recent growth in the industrial CO emission, resulting in a relatively small growth in the total CO emission since 2000.
Evolution of O 3 in continental outflow
Observed O 3 -CO correlation
The relative enhancement of O 3 to CO (the O 3 / CO ratio) is often used as a diagnostic variable to evaluate photochemical O 3 formation in pollution episodes. By using this diagnostic parameter, we examined how the O 3 -CO relationship evolved in continental pollution plumes from the Asian continent. Figure 7 shows the absolute enhancements in O 3 ( O 3 ) and CO ( CO), as well as the O 3 / CO ratios as a function of transport time from the Asian continent to the downwind stations for the 3 pollution episodes (Events I to III). The O 3 and CO values for each event were determined by "peak height", additional enhancement above the baseline level around the peak. The transport time from the Asian continent to the individual stations in the western North Pacific Rim were approximated by the observed time lags associated with advection of the CO peaks (associated with Events I to III) from Gosan to Fukuejima (1-5 h), to AmamiOshima (9-11 h), and to Yonagunijima/Hateruma (11-14 h). Comparatively, it took on average 60-102 h for a pollution event to travel from Gosan to Minamitorishima. It should be noted that these pollution events (Events I, II and III) were not clearly observed at the Ryori and Cape Ochi-ishi stations. Some plumes from the Asian continent do reach Ryori and Cape Ochi-ishi, but are affected by Japanese sources en route, and mixed influences from these sources have made clear and comparative analysis difficult, as noted in Sawa et al. (2007) . Also polluted air masses transported from Gosan to northern Japan often traversed in the free troposphere, resulting in a very little correlational relationship between the measurements at Gosan and the surface air quality at Ryori and Cape Ochi-ishi.
The magnitude of enhanced CO peak measured at any one of the Japanese stations clearly depends on the transport time from Gosan. Although the magnitude of CO peaks observed at Gosan often exceeded 300 ppbv, they decayed quickly during the 3-4 days of eastward transport as the polluted air masses from the Asian continental sources mixed with relatively clean marine air. By contrast, the magnitude of high O 3 episodes remained relatively constant at 10 to 30 ppbv at all the sites. In fact, the O 3 enhancement showed a slight increase during transport from Gosan to Minamitorishima. As shown in Fig. 2 , the temporal variability of O 3 is characteristically different from Event to Event, reflecting the roles various chemical processes play at different times in the production and destruction of O 3 . For a particular Event, the magnitude of the O 3 enhancement, O 3 , remained not only relatively constant during its eastward transport, in spite of mixing with clean background maritime air, but showed some increase, unlike CO, even though the lifetime of O 3 is much shorter than CO. The slight increase in O 3 indicates a net positive O 3 production compensating the loss due to the dilution effects during transport.
The contrasting changes of O 3 and CO as a function of transport time resulted in a clear variation in the O 3 / CO ratios at different stations. The O 3 / CO ratio at Gosan ranged from 0.03 to 0.07. The ratio increased slightly to 0.05-0.1 after the 10-14 h of transport to Amami-Oshima, Yonagunijima, and Hateruma. At Minamitorishima, the ratio was significantly enhanced, ranging from 0.22 to 0.32. Having minimized the influence of the dilution effect due to mixing with the background air during transport by taking the ratio of O 3 to CO, the increase in the O 3 / CO ratio is suggestive of the net O 3 formation during the transport. It is to be noted that the several spike-like peaks observed near the source regions (i.e., Amami-Oshima, Yonagunijima, and Hateruma for Events II and III) could be "washed" into the broader peaks observed at Minamitorishima after the polluted air masses from different sources in China, Korea, and Japan were trapped and mixed, and then transported by cold fronts. Indeed, this could affect the absolute values of O 3 or CO. However, considering the similarity of the O 3 / CO ratios near the source regions, this mixing effect would cause little bias in the O 3 / CO ratios observed at Minamitorishima, and hence dependency on the transport time.
Modeled O 3 -CO correlation
The monthly O 3 -CO correlation is not necessarily the same with the O 3 -CO correlation in pollution events, since the O 3 -CO correlation may become obscured by including different air mass types from continental to maritime air masses. However, the monthly O 3 -CO relationships (hereafter referred to as O 3 /CO ratios) still provide a valuable test for model predictions of anthropogenic influence on O 3 , particularly if the period of interest is dominated by specific meteorological conditions. This would be the case for spring season in East Asia since synoptic-scale transport basically dictates regional spatial patterns and temporal variability of trace gases such as CO and O 3 . Figure 8 shows scatter plots of observed and modeled O 3 versus CO mixing ratios at the 8 stations. The plots show a general positive correlation between O 3 and CO at all the stations. Although the model failed to reproduce groups of several high O 3 and CO peaks, the overall monthly relationships between O 3 and CO were reasonably well simulated. The model showed relatively poor reproducibility in predicting high O 3 and CO data clusters, as was indicated in Figs. 3 and 4. This could have been caused by the limited horizontal (80 km) resolution used in the model; it is also possible that the model did not contain all the relevant CO emissions. Episodes of low O 3 associated with high CO observed at Ryori and Fukuejima were not well reproduced by the model, likely due to the sub-grid scale titration of O 3 with NO by local pollution sources around these sites. However, the overall general nature of the O 3 -CO correlation was well simulated, suggesting that the mean salient features of the O 3 -CO variability affected by the synoptic-scale transport of pollutants were fairly well reproduced in the model. Better positive correlation and lesser scatters at Cape Ochi-ishi than at Gosan, Amami-Oshima, Hateruma, and Yonagunijima are likely because the surface level of northern Japan is less directly influenced by East Asian outflow. The observed O 3 -CO correlation at Minamitorishima is more bounded than those at the other stations closer to the continent, suggesting that the air masses arriving at Minamitorishima were "well-aged" and negligibly perturbed by surface sources during transport over the ocean from the continental source regions. The O 3 -CO correlation at Minamitorishima shows a steeper slope, but the absolute O 3 levels are not as high as those observed at the other stations as a result of mixing with clean maritime air masses.
The geographical distribution of the O 3 /CO ratio for March 2005 calculated by the model is shown in Fig. 9 . Assimilated CO data were used. The pattern over East Asia in particular is in good quantitative agreement with the results from a previous global model study (Mauzerall et al., 2000) . Values of the ratio less than 0.1 (but greater than zero) are located near the Asian continent, increasing to more than 0.5 over the Pacific Ocean. Compared to the observed values at Minamitorishima, the latter is an overestimate, possibly reflecting boundary conditions in the model. Near-zero or even negative O 3 /CO ratios over and near the source regions are likely due to large short-term variability in CO emitted by the surface sources. Large perturbations in CO emissions also result in poor statistical significance around that region. These features suggest that not only photochemistry but also meteorological factors (e.g., mixing of different origin of air masses and dilution with background air) play a key role in controlling monthly mean O 3 /CO ratios in this region.
6.3 Comparison with other studies Zhang et al. (2006) recently showed strong positive O 3 /CO correlations in the middle troposphere downwind of continental source regions such as East Asia, by utilizing the Tropospheric Emission Spectrometer (TES) observations. Based on aircraft observations, Kondo et al. (2004) showed that a net O 3 production occurred in the marine boundary layer at the mid-latitude region (in particular 30 • N-45 • N) over the western Pacific in the spring of 2001, due to relatively high NO levels combined with strong westerly advection during this season. The net O 3 production was also positive in the upper troposphere due to high NO and low H 2 O levels. These results add to the support of the O 3 -CO correlations reported in the present work and by Zhang et al. (2006) , confirming that East Asia is an important O 3 source region during spring. Liang et al. (2004) found that a majority of trans-Pacific transport events of Asian pollution reaching the northeast Pacific below 2 km altitude was caused by advection in the marine boundary layer associated with cold fronts. We have found that the polluted air masses are initially trapped in the boundary layer over Asia before being transported to the Pacific Ocean by cold fronts. They also attributed several elevated CO peaks observed at Minamitorishima to longrange transport in the boundary layer of Asian CO, based on tagged tracer experiments. Price et al. (2004) analyzed photochemical evolution of O 3 in air masses transported from Asia to the northwest United States, based on the ratio of excess O 3 to excess CO observed at Cheeka Peak Observatory (CPO) and by aircraft measurements. They obtained values of O 3 / CO ranging from −0.06 to 1.52. They also found that O 3 / CO ranged from 0.1 to 0.5 in pollution plumes (mainly from combustion sources such as industrial and/or biomass burning) transported in layers 2-5 km high. Plumes with lower O 3 / CO values (<0.10) were characteristic of long-range transport in the boundary layer or of an environment with substantial presence of mineral dust. The lower O 3 / CO ratios likely resulted from shorter lifetime of O 3 at lower altitude and/or heterogeneous reaction associated with sea salt or dust aerosols. The O 3 / CO ratios observed at Minamitorishima, ranging from 0.2 to 0.35, are in a good agreement with those observed in trans-Pacific plumes of combustion origins, but significantly higher than those observed in the plumes reaching the northwest United States. One possible explanation for this is that the net photochemical production of O 3 is active during the first 3-4 days of the boundary layer transport after leaving the pollution sources in Asia, but the production decreases thereafter due to very low NO levels over remote Pacific Ocean, showing noticeably lower values of O 3 / CO by the time the pollution plume reaches west coast of the United States.
Concluding remarks
We coordinated simultaneous observations of O 3 and CO at 8 surface sites located in the East Asia Pacific Rim from 24 • N to 43 • N during March 2005 when continental outflow plays a dominant role in transporting air pollutants from East Asia to the Pacific Ocean. We analyzed these continuous data using a 3-dimensional regional chemistry transport model, to diagnose recent changes in CO emissions from East Asia and photochemical evolution of O 3 in air masses transported in the marine boundary layer exported from the Asian continent. From the hourly data, three major pollution episodes were selected for detailed analyses since these episodic events were well characterized by Sawa et al. (2007) .
A 4-dimensional adjoint inverse model was first used to improve CO emissions from East Asia for the year 2005, constrained by highly time-resolved continuous measurements at the 6 surface sites. With the a posteriori CO emissions inventory, the model was able to reproduce observed levels and temporal variations of O 3 and CO fairly well. The inversion analysis indicated an annual anthropogenic CO emission of about 170 Tg from China in 2005, a 16% increase since 2001 (based on the same inverse model used in this study). These emission estimates are in good agreement with those obtained by two bottom-up approaches, as well as with the recent changes derived from MOPITT satellite observations of CO column over the industrial regions in China.
We also performed various analyses of the O 3 -CO relationship as a function of transport time from the source regions to the monitoring sites for 3 major pollution events observed at all the stations and denoted as Events I, II and III. The O 3 / CO ratios increased with age of the polluted air masses over the course of 3-4 days from the source regions. It is suggested that en-route photochemical O 3 formation occurred during pollution transport events from the Asian continent to the western North Pacific, and that this region is an important source for tropospheric O 3 during spring.
